Corrosion is a problem that has plagued man ever since he turned to the use of metals; corrosion is defined as the destructive alteration of a metal by reaction with its environment. Corrosion, viewed in a broad sense, has two main causes; these are:
lowed by selection of isolated clones, after plating out cells on either a silica gel inorganic medium or the inorganic medium containing Noble's agar. Pure cultures were maintained by repeated transfer in a liquid inorganic medium. The first experimental medium used was that of Meiklejohn (1953) . The medium composition was: NaNO2, 1.0 g; NaCl, 9.6 g; MgSO4, 0.14 g; KH2PO4, 0.27 g; CaCO3, 10.0 g; FeSO4, 0.03 g; distilled water to 1 L. The pH of the medium was adjusted to 7.5 and autoclaved at 15 psi for 15 min.
For mass propagation of Nitrobacter agilis, the synthetic medium of Alexander and associates (Alexander et al., 1957; Aleem and Alexander, 1958; Alexander and Aleem, 1958; Alexander and Engel, 1958) The components of the medium were treated as follows:
A, C, D-adjusted to a pH of 8.0 before autoclaving B-not adjusted E-adjusted to pH 8.0 before filtering Final pH of medium after autoclaving was 7.5.
The medium was compounded in 6-, 8-or 10-L quantities in either a 3-or 5-gallon solution bottle-type fermentor equipped with a sparger (bacteriological filter). Sterile air was supplied at a rate of 0.71 L per L per min by serial passage through a Kelly bottle packed with sterile glass wool and a humidifier containing sterile distilled water and fitted with a sterile porcelain filter candle before dispersion into the medium through a second sterile filter candle. Culture temperature was 26 C to 28 C. Inocula were built up from shake cultures, grown in 250-m] Erlenmeyer flasks containing 70 ml of Alexander's medium, to a volume of 10 per cent of the mass culture medium. Growth of N. agilis was maintained by a periodical recharging of the fermenta-BACTERIAL DESTRUCTION OF SODIUM NITRITE tion medium with 300 ppm nitrite approximately every 10 hr. The recharging with nitrite maintained actively growing cultures for 1 to 2 weeks or until another component of the medium became the factor limiting growth. Using this procedure, sizable yields were obtained of pure cultures of N. agilis.
Cells were harvested by continuous centrifugation in a Sharples3 centrifuge; the cells were resuspended in a small volume of phosphate buffer (pH 7) and frozen. N. agilis stored in this manner remained viable for 14 days; after 14 days viability dropped off rapidly. The stored cells were used both for inoculation purposes and for physiological studies.
Prior to the employment of Alexander's medium, attempts were made to modify Meiklejohn's nitrobacter medium to increase growth of N. agilis. The effects on growth of pH and of different phosphate sources were studied. Growth and nitrite utilization were investigated in Meiklejohn's medium at adjusted pH levels, ranging from 2 to 11, and employing shake cultures at a temperature of 28 C. Three different sources of inorganic phosphates were studied; these were tribasic sodium phosphate, sodium pyrophosphate, and sodium metaphosphate at concentrations ranging from 0.02 to 0.04 g per L of medium.
Different organic supplements to Meiklejohn's medium were also investigated as regards growth promoting properties. The mineral medium was supplemented with various intermediates (added singly) common to the glycolytic cycle and the tricarboxylic acid cycle; these were (used at 1.0 g per L): calcium glycerophosphate, fructose-6-phosphate, sodium pyruvate, potassium citrate, sodium succinate, sodium fumarate, Lmalic acid, a-ketoglutaric acid, oxalosuccinic acid, sodium oxalacetate, glucose-6-phosphate, isocitric acid.
Chemical Screening for Nitrite Stabilizers Using Shake Cultures
A rapid screening test for detecting chemicals interfering with the oxidation of nitrite by N. agilis was carried out in the following manner: Chemicals to be tested were added in two concentrations (1 ppm and 10 ppm active ingredients) to the nitrobacter medium containing 300 ppm sodium nitrite, so that the final volume in 250 ml Erlenmeyer flasks after inoculation was 50 ml. Each flask was inoculated with 1 ml of a nitrobacter stock culture containing 1 X 109 cells per ml. The flasks were shaken on a rotary shaker at room temperature. Nitrite levels were determined every third day for a period of 12 days.
Compounds inhibiting some growth of N. agilis were also tested at 50 ppm in shaken flasks prior to an investigation at the pilot plant level. The chemical com- Pilot Plant Studies The pilot plants used in this project were modified models of the open cooling water pilot plant described by Haering (1941) . Modifications included the elimination of the removable pipe corrosion study sections and construction of a single set of baffles rather than the double set so described. Six units were employed for this investigation. Photographs of the units are showni in figures 1 and 2.
Following development of mass culture techniques for growing nitrobacter, large enough numbers of cells were available to make studies at the pilot plant level meaningful. Nitrite loss in the circulating water was first investigated under normal conditions, that is, under conditions where no known bacterial inoculum was added to the system. The pilot plants were charged with 9 L of water, and 500 ppm sodium nitrite. Nitrite, nitrate, and ammonia levels were checked daily using the methods of Snell and Snell (1954) . Bacterial plate counts of the cooling water were made employing nutrient agar for isolation of the heterotrophic populations and either washed agar or Noble's agar supplemented with Alexander's medium for isolation of Nitrobacter agilis.
Sodium nitrite levels (500 ppm) in the circulating water of the pilot plants were studied after inoculation of the water with known amounts of Nitrobacter agilis. The inoculum contained approximately 1 X 106 cells per ml, which number was determined using a PetroffHausser4 counter; 20 ml of inoculum were used. Ammonium and nitrate levels were also checked throughout the run. Bacterial cell counts of the water were determined as outlined above.
All pilot plants were exposed to normal atmospheric conditions. The water levels were automatically regulated by means of a float valve. Temperature was regulated by a thermostat heating element; the temperature of the water of the reservoir was approximately 28 C.
The effects of various chemical agents on stabilizing the nitrite levels of the circulating water were studied. Some chemicals were tested without prior testing in shake culture; the remainder examined were demonstrated to have had some inhibitory effect upon nitrobacter. Those different times was quantitated along with the levels of nitrite, nitrate and ammonia. Sorbic acid, zinc sulfate, ammonium compounds and streptomycin sulfate were quantitated; the anlytical methods were Melnick and Luckman, 1954 , Humphries, 1956 , Snell and Snell, 1954 , and Grove and Randal, 1955 , respectively. Bacterial counts were checked daily. Of some 54 compounds screened at the laboratory level, as regards their stabilizing effect on nitrite, 10 were selected for testing at the pilot plant level; these compounds were: sodium iodoacetate, 10 ppm; sodium azide, 1 and 10 ppm; Hyamine, 50 ppm; Winroc, 50 ppm; Preventol GDC, 50 ppm; Milban, 50 ppm; Butrol, 10 ppm; Bufen 30, 10 ppm; BSM 11, 10 ppm; Arquad S, 10 ppm.
Heterotrophic Contaminants Heterotrophic contaminants found in the pilot plant circulating water were isolated employing standard bacteriological methods. The isolates were maintained as pure cultures. Isolates were identified using the standard battery of biochemical tests and physiological reactions recommended in the Manual of Microbiological Methods (1957) . All isolates were tested in static culture in a synthetic medium as regards their ability to utilize ammonia, nitrite, and nitrate as the sole source of nitrogen. The basal medium contained (per cent): Na2HPO4, 0.3; KH2PO4, 0.1; K2HPO4, 0.05; MgSO4, 0.02; Na acetate, 0.16; glucose, 0.2; Na citrate, 0.2; nitrogen source, 0.6; and trace elements of boron, 5 X 10-6; calcium, 5 X 10-4; copper, 1 X 10-6; iron, 2 X 104; manganese, 1 X 104; zinc, 2 X 10-4. The pH of the medium was adjusted to 6.8 and autoclaved for 15 min at 15 psi. Fifty ml of medium were dispensed in 250-ml Erlenmeyer flasks, inoculated with a 1 per cent inoculum and stored at 28 C for 12 days. Nitrogen levels were determined every third day.
RESULTS

Culture Studies
Purification of Nitrobacter agilis required as many as 25 transfers in liquid medium, followed by streaking on a solid medium before single clone isolates gave pure cultures. Criteria for purity were (1) no growth on nutrient agar after 14 days at 30 C, and (2) microscopic examination.
Growth of N. agilis in Alexander's medium in the fermentor was fairly heavy after 7 days' incubation. After the cells were harvested in the Sharples3 centrifuge, a heavy paste of cells was obtained; upon resuspending the cells in 100 ml of phosphate buffer (pH 7), the final cell count averaged 1 X 1012 to 1 X 1015 cells per ml as counted with the Petroff-Hauser chamber.
Results of growth studies in shake culture using Alexander's basic medium and employing pure culture inocula showed a complete loss of nitrite by 6 days (figure 3) with an increase in cell population. Ammonia production was negligible, and the nitrate level rose in the inoculated medium stoichiometrically. Nitrite loss in the absence of inoculum was negligible over a period of 28 days.
Results of pH studies made with Meiklejohn's medium indicated that the range of nitrite utilization by nitrobacter was from pH 4 to pH 11; however, the range for optimum utilization was only pH 7.5 to pH 8. On either side of this optimum, nitrite utilization fell off rather rapidly as did growth.
Results of phosphate studies with Meiklejohn's medium showed that the source of phosphate does play a role in growth of nitrobacter. A highly soluble, and therefore available, source of inorganic phosphate such as KH2PO4 must be available to support the growth of nitrobacter. Sodium pyrophosphate (Na4P207. 10H20) and sodium metaphosphate (NaPO3) did not support growth or nitrite utilization; tribasic sodium phosphate (Na3PO4-12H20) did support some nitrite utilization but very little growth.
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Chemical Screening in Shake Cultures for Nitrite Stabilizers Table 1 shows the results of chemical screening tests. Results are expressed in terms of the change in the nitrite levels (ppm) and the time (days) needed for the change to occur.
Pilot Plant Stuudies
Results of pilot plant studies in which the cooling water was charged with 500 ppm of nitrite and uninoculated (under normal atmospheric conditions), showed the loss of nitrite to be slow. A loss of nitrite occurred; however, the loss extended over a period of 28 (or more) days. In plants charged with 500 ppm of nitrite and inoculated with nitrobacter (20 ml of 1 X 106 cells per ml suspension), the results showed a very rapid and precipitous drop in the nitrite level; the zero level of nitrite was obtained by 6 days (figure 3). Nitrite loss in pilot plants receiving an inoculum closely paralleled nitrite loss in inoculated shaken flasks, whereas nitrate and ammonia levels generally remained negligible, never exceeding 5 to 10 ppm.
Nitrobacter cell counts of the inoculated water of the pilot plants increased with time, going from approxi- 
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------0 mately 1 X 103 cells per ml to 1 X 105 cells per ml. Heterotrophic populations increased from about 1 X 102 cells per ml to 1 X 106 cells per ml (figure 4). Sorbic acid had little stabilizing effect on nitrite, and was lost from the uninoculated nitrite-charged system rather rapidly; exhaustion of the acid was complete by 8 days. Nitrite levels dropped slowly and evenly the first 8 days until a low level of sorbic acid was reached; after this, nitrite levels dropped more rapidly, reaching zero by 22 days. With the addition of nitrobacter to the circulation water, the nitrite level dropped to zero in 16 days; the level fell from 400 ppm to zero in the last 8 days, at which time sorbic acid levels were zero. The net effect of sorbic acid was to extend the nitrite utilization time 6 days.
The effect of sorbic acid on growth of heterotrophs as well as autotrophic nitrifiers was negligible and did not cause aniy major deviations from the growth curves shown in figure 4 .
The majority of other stabilizing compounds tested without previous laboratory screening showed the same general nitrite patterns. Generally, the stabilizers caused a short lag which was followed by a rapid loss in nitrite; nitrite exhaustion from the cooling water occurred by 20 days. Exceptions to the general picture were noted in the case of zinc sulfate, streptomycin sulfate, and ammonium phosphate. Zinc sulfate in three concentrations (100, 200, 400 ppm) had a stabilizing effect upon nitrite for 44 days. Streptomycin sulfate prevented complete nitrite loss for 40 days. Ammonium phosphate had an enhancing effect on nitrite loss, where the nitrite level fell to zero by 6 days.
The ammonium compounids caused a very rapid rise in the heterotrophic population (1 X 105 cells per ml by 5 days). Nitrobacter counts rose slowly in the presence of high levels of ammonium ions; however, the cell numbers increased as the ammonium ion level de- creased. The addition of ZnSO4 to the circulating water checked bacterial growth for 23 days, whereas sodium propionate, methyl-p-hydroxybenzoate, and propyl-p-hydroxybenzoate had no demonstrable effect upon the bacterial growth. Table 2 lists 10 compounds, previously tested at the laboratory level, which retarded nitrite oxidation.
Only two of these when tested in the pilot plants were able to stabilize the nitrite in the cooling waters for more than 20 days. Pilot plants inoculated with N. agilis had no nitrite after 6 days (control) whereas uninoculated uniits showed zero nitrite levels by 28 days (figure 3). Sodium azide (10 ppm) in the cooling water retarded nitrite utilization considerably. The nitrite zero level was not reached until the 43rd day. Preventol GDC stabilized nitrite in the cooling water for 31 days.
The effects on growth of microorganisms in the cool- was sluggish and nitrobacter cell counts never exceeded 1 X 103 cells per ml. Preventol GDC had a similar effect on bacterial growth, highest nitrobacter count recorded being 1 X 104 cells per ml.
Heterotrophic Contaminants
Contamiinants isolated from the pilot plant cooling waters were identified as bacteria except for one yeast.
The yeast was tentatively identified as a Rhodotorula sp. The genera of bacteria represented were Escherichia, Bacillus, Pseudomonas, Sarcina and Alcaligenes. Table 3 shows the different heterotrophic contaminants isolated and also their ability to use nitrite, nitrate or ammonia as a nitrogen supply for growth in the experimental synthetic medium.
DIscussIoN
Biological oxidation of nitrite was investigated in the circulating water of cooling systems; the mechanism for nitrite loss was the oxidation of nitrite to nitrate. This fundamental reaction is one carried out by the chemoautotrophic bacterium Nitrobacter agilis, and is the reaction from which energy is derived for growth and/or respiration. Results of experimental work reported here demonstrate that the genus Nitrobacter is at least one of the major causes of nitrite depletion in cooling water systems.
It was apparent from a survey of the literature that basic knowledge was limited pertinent to the biology and biochemistry of nitrobacter. Consequently, research ramified into a program encompassing the applied aspects of the problem as well as into some basic areas, for the applied problem was predicated upon certain basic information. To study the relationship between bacterial action and nitrite oxidation, large quantities of nitrobacter (in pure culture) had to be propagated. The use of classical media reported in the literature and direct modifications thereof gave unsatisfactory growth results. The development of a successful growth medium by Alexander and his group and the application of this medium proved fruitful to the solution of our problems of culture purification and mass propagation of Nitrobacter agilis.
There were several striking differences in Meiklejohn's medium from that of Alexander's; the most notable difference was the concentration of nitrite.
Meiklejohn's medium contained 1000 ppm nitrite, whereas that of Alexander's contained only 300 ppm. The lower concentration employed in Alexander's medium apparently allows the organism to establish itself in the medium. A second difference in the media was in the concentration of iron (FeSO4); Alexander's medium contained one-third the concentration of iron. Iron, in increasing concentration, does stimulate nitrite oxidation but only up to a certain level; beyond a concentration of 10 ppm iron appears to become inhibitory.
The pH of the medium employed by Alexander's group was 7.5 to 8.0 whereas that of Meiklejohn's medium was 7.0. The higher pH seems to enhance growth and nitrite utilization.
After the successful development of techniques for mass propagation of pure cultures of Nitrobacter agilis, a chemical screening was feasible at both the laboratory and pilot plant levels for nitrite oxidation inhibitors. The chemical screening program employed was simple and direct. It was felt that if a chemical stabilizer in small concentrations could slow down or inhibit the utilization of nitrite by nitrobacter in shake culture, then it should be tested at the pilot plant level. It was apparent from the results that most of the bacteriostatic and bacteriocidal agents used commercially or in research laboratories (as competitive or noncompetitive inhibitors) proved ineffective against nitrobacter. The chemical compounds tested under the screening program fell into one of two general categories: (1) compounds such as sodium azide, which inhibited or slowed down utilization of nitrite, and (2) compounds such as the ammonium derivatives, which did not inhibit oxidation. Those compounds that did inhibit nitrite oxidation most likely did so by directly inhibiting important metabolic processes of this microorganism. No attempt was made to uncover the mechanism of action of any of the stabilizers. The fact that some compounds did not stop nitrite loss is best explained by the conception that these compounds failed to inhibit because of the particular metabolic mosaic of nitrobacter or because of permeability properties. Some test compounds even enhanced nitrite loss, which action was by eitheI direct chemical action with the nitrite (oxidation or reduction) or through some type of a supplementary biological action directly or indirectly linked to nitrite oxidation.
Whereas the laboratory screening program allowed an investigation of the merits of various stabilizers under restricted conditions, the pilot plant tests did permit an investigation of these compounds under conditions approaching those of industry. In the cooling water, the chemical compound was required to stabilize the nitrite under most complex conditions. Some of the variables common to pilot plants were agitation, aeration, pH, and biological and chemical contamination. Contamination included that of the ubiquitous microorganisms of air, soil, and so forth, where chemical contamination of the cooling water came from contact with metal and wood. To require a compound to stabilize the nitrite level as well as remain stable itself under the constant fluctuations of these many conditions is a rigorous demand.
It might be emphasized that the conditions under which a compound was tested at the pilot plant level were somewhat controlled, that is, controlled in the sense that a known inoculum of Nitrobacter agilis was added to the circulating water. The autotroph added certainly exceeded by far the number of nitrobacter organisms one would expect as contaminants in a system under normal industrial operation conditions. In this regard, it was felt that this (inhibiting nitrite oxidation by nitrobacter) was the most stringent of the requirements set up as the criteria for screening these compounds.
Further, it was felt that any compound which could stabilize nitrite levels, even partially, under these pilot plant conditions merits further investigation as it has potential value to industry.
